Abstract. Abundances of the isotopes of the refractory elements Ca, Fe, Co, and Ni in the galactic cosmic-ray source are compared with corresponding abundances in solar-system matter. For the 12 nuclides considered, relative abundances agree to within a factor of 2, and typically within 20-30%. In addition, comparisons of cosmic-ray abundances with model calculations of supernova yields are used to argue that cosmic rays contain contributions from stars with a broad range of masses. Based on these and other results we suggest that cosmic rays probably represent a sample of contemporary interstellar matter, at least for refractory species.
INTRODUCTION
Over the past decade considerable progress has been made in precisely determining the isotopic composition of cosmic rays. Instruments on the Advanced Composition Explorer (ACE) and Ulysses missions have succeeded in resolving cosmic-ray isotopes up through the iron group, and the large geometrical acceptance of the Cosmic-Ray Isotope Spectrometer (CRIS) on ACE has made possible abundance measurements of very rare nuclides, including the first isotope measurements in the region Z > 28. Among the 80+ individual nuclides for which abundances have been measured in cosmic rays arriving near Earth, approximately one third are dominated by primary nuclei, which are accelerated in the Galaxy and have only relatively small contributions from secondary particles produced by fragmentation of heavier species during passage through the interstellar medium. For this subset of the observed nuclides it is possible to infer the abundances in the source material from which the particles were accelerated.
The increase in the number and precision of nuclidic abundance determinations in the cosmic-ray source is providing a new tool for studies of astrophysics in our Galaxy. These data are yielding information on the stellar sources in which the cosmic-ray material was synthesized. In addition, they are providing a detailed determination of the isotopic make-up of a sample of material which may be representative of the composition of contemporary interstellar matter.
OBSERVATIONS
The CRIS instrument [1] measures the charge, mass, and energy of detected nuclei using multiple measurements of dE/dx versus total energy made with stacks of silicon solid state detectors. In addition, particle trajectories are measured in a scintillating optical-fiber hodoscope to enable corrections for particle pathlengths through the silicon detectors. The geometrical factor of the instrument, 250 cm 2 sr, is large enough to obtain statistically significant measurements of even relatively rare nuclides. Figure 1 shows mass histograms obtained from CRIS for elements from Li through Cu. The events included in these histograms were selected to have ranges long enough to penetrate into at least the third silicon detector in the stack, yielding multiple mass measurements which are required to be consistent. In addition, to obtain a data set with particularly high resolution the events were required to have trajectories within 25° of the normal to the detector surfaces. In this data set, which contains approximately 30% of the particles collected, essentially all the stable and long-lived isotopes up through the iron group are resolved. For nuclides separated by 2 amu, including the rare isotopes 65 Cu, particles with more extreme angles of incidence can also be used in the analysis, improving the statistical accuracy for these species. The isotopic compositions of individual elements are derived from the relative areas of the isotope peaks in the mass histograms by applying relatively small corrections for differences in energy intervals and nuclear interaction probabilities in the instrument. A different analysis procedure is used to obtain the relative abundances of the elements, since energy intervals differ considerably for elements when charges are not closely spaced. The energy spectrum of each element is derived from the measured count rates and live times, combined with calculated energy intervals, geometrical factors, interaction loss probabilities, and detection efficiencies. Spectral shapes are generally similar, particularly for elements dominated by primary cosmic rays. Flux values are interpolated to a common energy per nucleon within the measurement intervals for the elements being compared. For the elements Ca, Fe, Co, and Ni considered here, an energy of 300 MeV/nucleon was used. The data analysis and the derived cosmic-ray composition near Earth are discussed more thoroughly in [2] .
COSMIC-RAY SOURCE ABUNDANCES
In order to investigate the nucleosynthesis of cosmic-ray source material we have selected nuclides which 1) have relatively small contributions from secondary cosmic rays produced by spallation reactions in the interstellar medium and 2) are thought to have experienced minimal fractionation relative to one another during cosmic-ray injection and acceleration. The first requirement is satisfied by Fe and species slightly heavier than Fe, since abundances in this region are rapidly decreasing with increasing mass so that there is relatively little material that can fragment into a nuclide of interest. In addition, the extreme isotopes of calcium, 40 Ca and 48 Ca, have small secondary contributions. These doubly-magic nuclei have mass-to-charge ratios considerably different from that of 56 Fe, the most abundant nuclide that could fragment into them. The large change ofA/Z required to produce these isotopes results in small production cross sections.
To avoid the complications of needing to correct for fractionation, our study focused on elements with low first ionization potential (FIP) and high condensation temperatures (low volatility). As has been extensively discussed (e.g, [3] and references therein), the ratio of cosmic-ray source elemental abundances to corresponding abundances in solar-system material are relatively constant for elements with FIP values less than about 9 eV, whereas higher-FIP elements are significantly depleted in cosmic rays. The physical mechanism for this fractionation is not conclusively established. Processes controlled by volatility rather than FIP have been proposed [3] and the general correlation of these two parameters makes it difficult to distinguish between these possibilities. Elements that are particularly volatile in spite of low FIP values have been avoided in the present study because of this uncertainty about how the elemental fractionation occurs. The elements Ca, Fe, Co, and Ni have both low FIP and low volatility, and thus should experience little, if any, fractionation relative to one another.
Source abundances can be reliably derived for the nuclides we are considering by taking advantage of the large number of isotopes with masses 40 < A < 56 that are dominated by secondary fragmentation products. Using a simple leaky-box model of the interstellar propagation of cosmic rays and adjusting the escape length to reproduce the observed abundances of such secondaries we obtain estimates of the secondary contributions (generally small) to the nuclides for which source abundances are to be derived. These calculations are described in detail in [2] .
The filled circles in Fig. 2 show the source composition derived from the CRIS observations, both as abundances relative to 56 Fe = 1 and as ratios to solar system abundances [4] . In addition, source abundances re- Fe we have used the source elemental ratios derived from HEAO-C2 observations [7] . In the cases where abundance measurements are available from both ACE and Ulysses, the agreement is generally quite good. Possible explanations of the most significant differences (for 54 Fe and 58 Fe) have been discussed in [2, 8] . CRIS also measures the isotopes of the refractory elements Mg and Si [2] , but we have not yet performed propagation calculations that account for secondary-nuclide abundances over the full charge range 9 < Z < 28 with the accuracy needed to take full advantage of the small statistical uncertainties in the CRIS observations.
The nuclides we are considering have absolute abundances ranging over a factor ~ 10 4 . However, the abundance distribution is consistent with that found in solar system material to better than a factor of 2 for all of these nuclides, and typically within ~ 20-30%. This similarity is particularly striking in view of the fact that the various isotopes represented in Fig. 2 are thought to originate in a diverse range of stellar environments. 6 Abbreviations for processes & sites are as follows: C, O, Ne: quiescent burning of these elements; xO, xNe, xSi: explosive burning of these elements; He(s): s-process during core/shell He burning; a: a-rich freeze out during SN II explosion; la: SN la igniting at Chandrasehkar mass; nse-Ia-MCh: inner n-rich regions of SN la igniting at Chandrasehkar mass; la-det: SN la from detonation at less than Chandrasehkar-mass; v\ neutrino process.
be major contributors to the individual nuclides found in solar system material [9] .
From the similarity between cosmic-ray source and solar-system compositions one expects the same processes to be important contributors to cosmic rays. However, the relative contributions of various nucleosynthetic processes to solar-system and galactic cosmic-ray (GCR) matter are not "universal". For example, in our neighboring galaxies, the Large and Small Magellanic Clouds, it has been found [10] that the contributions from Type la supernovae are significantly greater than in the Milky Way. Thus one can expect to obtain new insights into the origin of cosmic rays and/or solar system material by understanding the close correspondence of the compositions of these two populations.
SUPERNOVA CONTRIBUTIONS TO COSMIC RAYS
In massive stars, the production of most of the iron-group material occurs during the final stages of hydrostatic stellar evolution. The synthesis of these nuclides, for which the binding energy per nucleon is maximum, marks the exhaustion of a star's nuclear fuel. The ensuing collapse of the stellar core and its explosive rebound leads to further alteration of abundances. Detailed numerical calculations have been carried out by two groups [9, 11] to determine the composition of the material returned to the interstellar medium in such core-collapse supernovae (SN II) arising from a range of progenitor star masses. For many nuclides very similar yields are reported from these two investigations. However, for several nuclides of interest for this study there are important differences. We have chosen to adopt the results from [9] , based on a detailed evaluation of the difference between the two calculational approaches [12] . It must also be recognized that massive-star models have not yet successfully accounted for the supernova core bounce that drives the explosive processing and ejection of material. Instead explosions are artificially put into the calculations, constrained by observed properties of SN II. Until the physics of the explosions is adequately understood, there remains the possibility of large errors in predicted yields, particularly in the iron-dominated stellar layers close to the "mass cut" separating the matter that is ejected from that which collapses into the remnant. Important contributions of iron-group nuclides also come from Type la supernovae (SN la), which are thought to arise from the accretion of matter onto white dwarf stars in binary systems and the subsequent nuclear deflagration/detonation. Numerical calculations of these yields have also been reported [13] . However, the detailed physics of the SN la explosion are not yet firmly established, and various scenarios that have been considered lead to significantly different nucleosynthesis yields. For this study we have adopted the yields of the widely-used "W7" model (see [13] and references therein) as characteristic of the yields of low-mass (M < 8M 0 ) stars that evolve into white dwarves and ultimately explode as SN la.
To investigate the contributions of various supernova types to the cosmic-ray source, we have compared the cosmic-ray source abundances derived from the CRIS data with the available supernova yield calculations. These comparisons are shown in Fig. 3 , where the cosmic-ray source abundances are plotted as the horizontal solid line with dotted lines indicating the ±la uncertainty band. The SN II yields from various mass progenitor stars are plotted as the open symbols and the SN la yields as the filled symbol. For some ratios the calculations can reproduce the cosmic-ray abundances for a range of stellar masses. However, no single mass can account for most of the nuclides shown. Ca, none of these supernova models can adequately reproduce the observations.
To obtain quantitative limits on the amount of material that supernovae of various progenitor masses could have contributed to the cosmic-ray source, we have considered the effect of mixing material with the composition given by each of the supernova models into a pool of material from other sources. The ratio, by mass, of two nuclides X and Y in the mixed material is
Here the subscripts refer to the resulting mixed material, m, the material from a particular supernova type, /, and material from the pool, p, into which the supernova material is being mixed. M/ (7) It should be noted that this approach is providing an upper limit on the fractional contribution of a particular supernova type to the overall abundance of 7, the nuclide in the denominator of the ratio being considered. To convert this value into a limit on the fraction of the total mass contributed by the model (including all nuclides, not just X and 7), one would need to know the fraction by mass of nuclide Y in the material into which the supernova ejecta are being mixed-this would require an additional assumption about the nature of that material.
For illustration, we consider the ratio 58 Ni/
56
Fe. Since the value of this abundance ratio expected from a supernova with all M 0 progenitor is approximately 5 times the value in the cosmic-ray source (Fig. 3) , this source could have contributed no more than ~ 20% of the cosmic-ray 56 Fe. Figure 4 shows the upper limits derived in this way for each stellar model. The limits are most stringent for those models that produce Ni by considering the reciprocal ratio.) Similar analyses can be done using the measured ratios of the other isotopes relative to 56 Fe. From each isotope one obtains a set of upper limits on the amounts of 56 Fe that could have been contributed by the various mass stars. Applying the limits from all the isotopes together one obtains a more stringent set of upper limits, with the amount of material from each stellar mass constrained by the most restrictive of the individual limits. Figure 5 shows (open circles) the upper limits obtained Fe that could have originated from supernovae of various mass progenitor stars given the derived OCR source abundances for all the Ca, Fe, Co, and Ni isotopes studied. The calculated upper limits take into account the la uncertainty in the cosmic-ray source value, but no uncertainties in the nucleosynthesis models. Circles, squares, and triangles indicate the limits obtained by disregarding the 0, 1, or 2 most restrictive constraints, respectively.
DISCUSSION
The most notable feature of the combined upper limits on the contributions of various mass stars to cosmic-ray source material (Fig. 5) is the fact that none of the star types considered could be dominating the production of this material. Since the abundance yields are a relatively smooth function of the star's mass (Fig. 3) , we conclude that the limits we derive apply not just to the discrete masses for which yield calculations are available, but also for ranges of stellar masses around these values.
The essential constraints we have on the nature of the cosmic-ray source are its compositional similarity to solar-system material and the fact that it apparently contains significant contributions from a wide range of stellar masses. One would expect such features if the cosmic rays were being accelerated out of the general pool of interstellar matter, since the solar system condensed from such a pool, albeit ~ 4.5 Gyr earlier. Furthermore, the initial mass function (IMF) in the Galaxy is known to have a relatively smooth dependence on stellar mass, and the Galaxy is old enough that stellar birth and death rates should be similar provided that the IMF has not changed greatly over the past aeon.
The suggestion that supernova material gets well mixed with interstellar matter before cosmic-ray acceleration occurs is supported by the observation that a time >10 5 yr elapses between nucleosynthesis and acceleration [14] , since this time is significantly longer than that required for a supernova remnant to dissipate its energy as it expands into matter of average interstellar density.
There remain uncertainties related to possible spatial and temporal effects that could produce differences between the material being sampled by cosmic rays and that found in the solar system. For example, the higher density of stars toward the galactic center is thought to be causing a more rapid evolution of the composition of the ISM there. Whether this should affect the cosmic-ray composition observed near Earth depends on poorly constrained aspects of cosmic-ray transport in the Galaxy.
It would also be of considerable interest to determine whether models of galactic chemical evolution (GCE) can account for the small amount of evolution of interstellar abundances suggested by our comparison between solar-system and cosmic-ray material. Unfortunately, GCE studies generally have not been extended to cover the time between solar-system formation and the present, concentrating instead on evolution up to this time. Furthermore, reports of GCE results have often not included the abundances of individual nuclides that would be needed to take advantage of observations such as those shown in Fig. 2 .
For reasons discussed above, the work on cosmic-ray source composition presented here has concentrated on refractory nuclides. A model accounting for the origin of cosmic-ray source material must ultimately also address the abundances of volatile species. The isotopic composition of the element neon remains a puzzle: the ratio , so it appears difficult to fit this element into the scenario we have discussed for the refractories. A widely-discussed solution to this problem invokes special sources (specifically, Wolf-Rayet stars) that would dominate the production of 22 Ne in cosmic rays while not greatly affecting the overall amount of this isotope being contributed to the interstellar medium. It will be important to take advantage of the detailed and precise cosmicray source composition data now becoming available to search for smaller isotopic differences predicted to be associated with the 22 Ne anomaly.
